Background: The molecular mechanisms altered by the traditional mutation and screening approach during the improvement of antibiotic-producing microorganisms are still poorly understood although this information is essential to design rational strategies for industrial strain improvement. In this study, we applied comparative genomics to identify all genetic changes occurring during the development of an erythromycin overproducer obtained using the traditional mutate-and-screen method. Results: Compared with the parental Saccharopolyspora erythraea NRRL 2338, the genome of the overproducing strain presents 117 deletion, 78 insertion and 12 transposition sites, with 71 insertion/deletion sites mapping within coding sequences (CDSs) and generating frame-shift mutations. Single nucleotide variations are present in 144 CDSs. Overall, the genomic variations affect 227 proteins of the overproducing strain and a considerable number of mutations alter genes of key enzymes in the central carbon and nitrogen metabolism and in the biosynthesis of secondary metabolites, resulting in the redirection of common precursors toward erythromycin biosynthesis. Interestingly, several mutations inactivate genes coding for proteins that play fundamental roles in basic transcription and translation machineries including the transcription anti-termination factor NusB and the transcription elongation factor Efp. These mutations, along with those affecting genes coding for pleiotropic or pathway-specific regulators, affect global expression profile as demonstrated by a comparative analysis of the parental and overproducer expression profiles. Genomic data, finally, suggest that the mutate-and-screen process might have been accelerated by mutations in DNA repair genes. Conclusions: This study helps to clarify the mechanisms underlying antibiotic overproduction providing valuable information about new possible molecular targets for rationale strain improvement.
Background
Actinomycetes are ecologically important microorganisms that hold a prominent position in the industry due to their ability to produce a wide range of secondary metabolites with biological activities including antibiotics, anti-tumour agents and immuno-suppressants [1] . However, these microorganisms must often be genetically improved for higher production before they can be used in an industrial setting. Historically, strain improvement has been empirically carried out by multiple rounds of random mutagenesis and screening [2] . Since the late 1970s, the availability of molecular genetics tools and information about the biosynthetic pathways and genetic control for most of secondary metabolites of commercial interest has opened the way for improving strains through engineering-based approaches [3, 4] . More recently, these rational strain improvement strategies benefit from the support of genomic, transcriptomic, proteomic, and metabolomic technologies [5] [6] [7] [8] [9] [10] [11] [12] . Combining classical and recombinant strain improvement with a solid fermentation development program represents the optimal synergy to design commercially successful processes.
The erythromycin fermentation has been improved by the traditional mutate-and-screen method over the past 50 years. Erythromycin biosynthesis in the mycelial actinomycete, Saccharopolyspora erythraea, has been widely studied as a model system for antibiotic production [13] [14] [15] [16] and erythromycin and its semi-synthetic derivatives are widely used in the clinic. As such, the development of improved producers still represents a challenging and up-to-date issue. Erythromycin A is obtained through a three-stage pathway [17] , i.e., i) assembly of the 14-membered macrolactone 6-deoxyerythronolide B (6DEB) from one propionyl-CoA and six (2S)-methylmalonyl-CoA units by multifunctional modular polyketide synthase followed by ii) its hydroxylation to erythronolide B (EB), formation of the deoxysugars mycarose and desosamine from glucose and their addition to EB to make erythromycin D, and then iii) C-12 hydroxylation and C-3" O-methylation of the latter compound to produce erythromycin A [18, 19] .
Extensive genetic studies have provided some insight into the genes involved in erythromycin biosynthesis [20, 21] . The erythromycin gene cluster contains 20 genes arranged in four major polycistronic units [22] . Evidence for regulatory genes has been missing for a long time hampering efforts to enhance erythromycin production other than by medium manipulation, random mutagenesis and selection. In recent times, the availability of the entire genome sequence of S. erythraea and the advent of metabolic engineering opened the possibility to deeply investigate the molecular mechanisms controlling erythromycin production [23] [24] [25] . Whole-genome approaches led, for instance, to the identification of BldD, a key developmental regulator in actinomycetes [26, 27] , as one of the major regulators of erythromycin synthesis [28] . At the same time, metabolic engineering evidenced that, manipulating the methylmalonyl-CoA metabolite node in S. erythraea and in Aeromicrobium erythreum, a non-filamentous erythromycin A producer [29, 30] , i.e., increasing the flux through feeder metabolic pathways, strongly influences the erythromycin yields.
Lately, new global approaches based on "RNA polymerase and ribosome engineering" have been successful used to improve erythromycin production under laboratory conditions. It has been shown that several mutations affecting rpsL (coding for the ribosomal protein S12) result in a marked enhancement of erythromycin production, accompanied by increased transcription of bldD [31] . It has been reported also that several mutations in rpoB (coding for the beta subunit of RNA polymerase) deeply change the transcriptional profile of S. erythraea. In particular, the expression of genes coding for key enzymes of carbon (and energy) and nitrogen central metabolism is dramatically altered affecting in turn the flux of metabolites through erythromycin feeder pathways [32] . Mutations in ribosomal protein-and RNA polymerase subunit-encoding genes can be easily selected in the presence of drugs opening the way for a new approach to strain improvement. Very recently, complete biosynthesis of erythromycin A and designed analogs has been obtained using E. coli as a heterologous host suggesting alternative strategies to improve erythromycin production [33] .
The focus of the present study is to investigate the molecular mechanisms leading to erythromycin overproduction in a classically improved strain by using a genomic approach. To this purpose, we identified all genetic changes that occurred in S. erythraea NRRL 2338/Px (hereafter indicated as S. erythraea Px), an erythromycin overproducer obtained through the traditional mutate-and-screen method. Compared with parental S. erythraea NRRL 2338, a total of 117 deletion sites, 78 insertion sites and 12 transposition sites were found across the genome of the overproducer. Moreover, single nucleotide variations affecting a total of 144 CDSs were identified between the two genomes. All genetic changes have been carefully mapped in S. erythraea Px genome and genomic information has been used to elucidate the molecular mechanism underlying the overproduction of erythromycin by this strain. Genomic comparison has been supported by comparative transcriptome, an approach that has been also successful used before this study [34] , and phenotypic analysis.
Results and discussion
Genomic comparison of S. Erythraea px and S. Erythraea NRRL 2338
Phenotypic differences between S. erythraea Px and the reference strain NRRL 2338 are shown in Figure 1 . With respect to NRRL 2338, Px exhibited slower growth and reduced sporulation in both Yeast Starch (YS) and Oatmeal Yeast (OMY) agar plates, less pigmentation in OMY agar, while the phenotypes of the two strains were more similar in Soluble Complete Medium (SCM) agar. SCM broth was used in fermentation and microarray experiments (see below).
To understand the genetic bases underlying phenotypic differences between the two strains and improved erythromycin A production in Px, whole genome of this strain was sequenced and compared with that of NRRL 2338. The genome of Px consists of a single circular chromosome of 8,212,111 bp with an average G + C content of 71.14%. The size of the Px chromosome is 694 bp smaller than that of NRRL 2338. Genomic comparison revealed highly conserved gene content and gene order between these two strains ( Figure 2A ). The two genomes are 99.1% identical and there is no remarkable change in the chromosome structure as clearly shown in the dot-plot comparison.
Compared with NRRL 2338, a total of 117 deletion sites, 78 insertion sites and 12 transposition sites were found across the Px genome. Among them, 71 sites are single nucleotide insertions/deletions (indels), which affect coding sequences leading to frame-shift mutations, and only 11 are indels larger than 100 bp. The largest insertion is 1127 bp near position 5,393,000 which is located between an oxidoreductase (SACE_4827) and a transcriptional regulator (SACE_4828), while the largest deletion is 1147 bp in 6,849,979-6,851,124 (corresponding to SACE_6108, an ATP-dependent helicase) which is located between a methyltransferase (SACE_6107) and a glycosyl transferase (SACE_6109)
Apart from frame-shift mutations, single nucleotide variations (SNVs) affecting a total of 144 CDSs were identified between the two chromosomes. The SNVs generate 110 missense and 10 nonsense mutations. The variations, also including 4 CDS duplications, 7 transposon/transposable element insertions and 1 transposon excision, affect a total of 227 proteins in the Px genome. Chromosome map of genetic variations distinguishing Px from NRRL 2338 is shown in Figure 2B . Mutations are homogeneously scattered along the whole chromosome without "core genome" vs. "non-core genome" preference. The mutated CDSs, the corresponding gene/locus names, the nature of variations and presumed functions are reported in Tables 1, 2 , 3, 4, 5, 6 with reference to the following aspects: i.) carbon, nitrogen and sulfur metabolism; ii.) substrate uptake, membrane permeability and secretion; iii.) biosynthesis of secondary metabolites; iv.) transcription and translation processes; v.) cell division, DNA replication and repair, transposition and phage integration; vi.) CDSs of unknown functions.
Transcriptome comparison of S. Erythraea px and S. Erythraea NRRL 2338
To gain further insight about the molecular mechanisms underlying improved erythromycin A production in Px strain, DNA microarray of S. erythraea were manufactured and used for comparative analysis between Px and NRRL 2338. Microarray data for NRRL 2338 strains were already available [24] . In DNA microarray experiments Px and NRRL were cultivated under standard batch-culture conditions in SCM broth [29] and erythromycin production was evaluated at different time points ( Figure 3) .
Due to the different length of lag phase, RNA samples were collected during growth of NRRL 2338 in the time interval 12-72 h, and in the time interval 24-84 for Px. Despite similar final values of biomass, shapes of growth The outer scale is numbered in megabases starting from the origin of replication (OriC), and indicates the core (blue) and noncore (yellow) regions. Outer circle: S. erythraea NRRL 2338 genescolor-coded by their COG function (orange, cellular process and signaling; purple, information storage and processing; light blue, metabolism; pale green, poorly characterized); inner circle: positions of variations between Px and NRRL 2338 color-coded by type (green, frameshift; purple, nonsense; yellow, missense). Position of secondary metabolism cluster genes are shown. and erythromycin production curves were markedly different between the two strains. Erythromycin production by both strains was detectable after 12 h. Consistently with previous findings [24] , three distinct phases could be distinguished during erythromycin fermentation in the reference strain: an initial period of rapid increase of antibiotic concentration lasting until 60 h (phase a), followed by a period of production slowdown until 72 h (phase b), and a second period of moderate increase of erythromycin titers from 72 to 84 h (phase c) before entering the stationary phase. In the erythromycin overproducer phase a was protracted longer up to 72 h, phase b lasted until 84 h, while phase c was characterized by gradual increase of erythromycin titers until 108 h with a further period of production slowdown between 108 and 120 h followed by a further increase up to 132. Therefore, while during growth of NRRL 2338 erythromycin titers remained stable over the stationary phase, during growth of Px the antibiotic concentration continued to increase in the exhausted medium after entering the stationary phase reaching final titers about five-fold higher than in NRRL 2338. Moreover, while NRRL 2338 produced essentially erythromycin A during fermentation, Px yielded erythromycin A along with significant amounts of its immediate precursors erythromycin B and erythromycin C ( Figure  3 ). Gene expression data were analyzed to identify transcripts modulated during the growth curve. Considering each time point replicate as an independent entry and setting the confidence threshold at q-value ≤ 0.001 (see Methods), the EDGE algorithm identified a total of 404 differentially expressed genes (DEGs) in NRRL 2338 (6.22% of total probeset) with 220, 32 and 152 genes up-regulated, respectively, during phase a, b and c. In the Px strain the number of DEGs identified increased to 577 (8.88% of total probeset) and only two clusters of genes up-regulated, respectively during phases a (459 genes) and phase b (104 genes) could be clearly distinguished. Microarray analysis confirmed changes in global control of cell cycle in Px strain with respect to NRRL 2338 ( Figure 4 ).
Inspection of functional classification of cell cycleregulated genes showed that the increment in the number of DEGs in Px was mostly due to genes belonging to the following clusters of orthologous groups (COGs): I.5 Intracellular trafficking, secretion, and vescicular transport; I.6 Posttranslational modification, protein turnover, chaperones (in the functional category Cellular processes and signaling); II.12 Translation, ribosomal structure and biogenesis; III.8 Nucleotide transport and metabolism; III.9 Posttranslational modification, protein turnover, chaperones (in the functional category Metabolism) ( Table 7) . At the same time the following clusters of orthologous group resulted under-represented: II.11 Transcription and III.3 Cell wall/membrane/envelope biogenesis. In Table 7 the COGs have been considered over-represented (bold numbers in Table 7 ) if the percentage of the genes belonging to each category respect to the total of DEGs resulted 2 times more than the percentage of the genes belonging to each category respect to the total of GeneChip probesets. On the contrary they were considered under-represented (oblique numbers in Table 7 ) if the percentage of the genes belonging to each category respect to the total of DEGs resulted less than half of the percentage of the genes belonging to each category respect to the total probesets. A complete list of the cell cycle-regulated genes in NRRL 2338 and Px is available as supplemental data files (Additional files 1, 2), while the lists of genes up-regulated during phase a either in both strains or in Px or in NRRL 2338 are reported, respectively, in Additional files 3, 4, 5.
The Locally Adaptive Statistical Procedure (LAP) [35] of the PREDA package [ref] was used to identify differentially expressed chromosomal regions ( Figure 5 ). LAP analysis showed significant up-regulation of many genes clustered in the "core" region of the chromosome (mostly containing essential genes) in both NRRL 2338 and Px strains during phase a, including the erythromycin biosynthetic cluster (ery) and the ribosomal proteins-encoding operons ( Figure 5A and 5B). In contrast most of genes clustering in the "non-core" region of the chromosome (mostly containing "contingency" genes) were down-regulated during this growth phase. The only notable exception was represented by pks6 cluster coding for an unknown type II polyketide [23] , which was up-regulated in Px strain during phase a. Moreover, while in NRRL 2338 the biosynthetic clusters nrps3, nrps5, tpc2, tpc3 and tpc4 clearly appeared to be downregulated during phase a, in Px only two clusters, tpc4 and tpc5, exhibited this behavior suggesting profound differences in control of secondary metabolism between the two strains ( Figure 5A and 5B). The LAP analysis failed to identify regions exhibiting significant differential gene expression between phase b and phase c in NRRL 2338 see Peano et al. 2007 [24] .
Central carbon and nitrogen metabolism in S. Erythraea px Table 1 shows that a considerable number of mutated genes are involved in central carbon (and energy) and nitrogen metabolism, or related to substrate uptake and utilization ( Table 2 ). This is not surprising because erythromycin biosynthesis is strictly connected with central metabolism consistently with both genomic and expression data. In general, secondary metabolism is believed dispensable for survival, and most of gene clusters coding for secondary metabolites occupy non-core genomic regions and are maximally expressed during late growth phases. In contrast, the ery cluster maps in the core As shown in Figure 6 , these pathways are strictly connected to erythromycin biosynthesis that requires one propionyl-CoA and six (2S)-methylmalonyl-CoA units for assembly of the 14-membered macrolactone 6DEB. Different metabolic routes may accomplish In frame deletion (S249-, E250-,G251-, T252-,T253-, G254-,  G255-, T256-, G257-, G258-, Our analysis demonstrated that the several genes coding for the component enzymes of the tricarboxylic acid cycle (TCA) were mutated in Px strain. In particular, pyc gene (SACE_6118) coding for pyruvate carboxylase (PC) was inactivated by a frameshift mutation. This result is noteworthy, because PC serves a major anaplerotic role for the TCA by catalyzing the ATP-dependent carboxylation of pyruvate to oxalacetate, and there is evidence that in Corynebacterium glutamicum PC contributes about 90% to C(3) carboxylation at the anaplerotic node (Petersen, 2000) . Moreover, pyc has no obvious paralog(s) in the genome of S. erythraea. In major determinant of the metabolic flux through the TCA cycle. Also in this case, obvious paralogs could not be found in the genome of this microorganism. Although it is difficult to predict the effect of the observed mutations on the activity of the 2-oxoglutarate dehydrogenase complex, altogether our results are consistent with the hypothesis that the carbon flux through the TCA cycle may be greatly reduced in the Px strain, and that, as a consequence, more acetyl-CoA is funneled into alternative routes including propanoate metabolism leading to the 6DEB precursors ( Figure 6 ). This view is supported by evidence that glutamine synthatase/glutamate synthase (GS-GOGAT) and urea cycles, which are linked to TCA by 2-oxoglutarate and oxaloacetate/fumarate, respectively, may also be affected in the Px strain. Indeed, in this strain, gltD, coding for small subunit of glutamate synthase (SACE_5741), a component of the high-affinity ammonium assimilation system, is inactivated by a frameshift mutation (Table 1 and Figure 6 ). However, in this case, a paralogous gene (SACE_3997) is predicted to exist in the genome, to alleviate the deleterious effect of such a mutation. A possible deficiency in the high-affinity ammonium assimilation system may also account for the different behavior of S. erythraea NRRL 2338 and Px strain with respect to ammonium content in the growth medium. Growth, pigment and antibiotic production was strongly inhibited in the wild type strain in the presence of high ammonium content, while, in contrast, the same parameters were not affected by ammonium in the erythromycin over-producing strain (Figure 7) . Frameshift mutations inactivate SACE_6330 (argH domain) and SACE_0635 (ureB). These CDSs may be involved in the urea cycle as they code, respectively, for a fusion protein with both ligase/carboxylase and argininosuccinate lyase domains, and urease beta subunit. In the latter case, no obvious ureB paralog could be detected in the genome. In addition to the urea cycle, one of the two aspartate aminotransferase-encoding paralog (aspB) (SACE_4319), whose activity is linked to the urea cycle and is essential for growth on L-glutamate, was also affected by a nonconservative missense mutation.
In the absence of sulfate and cysteine, several bacteria can use aliphatic sulfonates as a source of sulfur for growth. tauABCD genes coding for an ABC-type transport system required for uptake of aliphatic sulfonates and a desulfonation enzyme accomplish this property. In Px strain tauC (SACE_4434) coding for permease component of taurine transport system, and tauD (SACE_4651) coding for 2-oxoglutarate-dependent taurine dioxygenase are affected by missense mutations, along with cdo2 (SACE_6133) encoding a cysteine dioxygenase, which catalyzes the conversion of L-cysteine to cysteine sulfinic acid, a compound that lies at a branch- Figure 7 Effect of ammonia and phosphate on growth, pigmentation, sporulation and antibiotic production. S. erythraea NRRL 2338 and S. erythraea Px were cultivated for 7 days on YS agar supplemented with the indicated ammonia and phosphate concentrations (left panels). Antibiotic production in these media was evaluated by microbiological assay using Micrococcus luteus as a tester organism (right panel) point in cysteine catabolism, where it can follow two pathway resulting in the formation of taurine or sulfate (Table 1 ). Down-modulation or inactivation of this metabolic pathway involving the 2-oxoglutarate-dependent taurine dioxygenase may be functional to alleviate the reduced carbon flux through the Krebs cycle by increasing the pool of 2-oxoglutarate.
Several genes involved in nucleotide and thiamine metabolism were also affected by non-conservative missense mutations in the Px strain, including prsA (SACE_2398) coding for phosphoribosylpyrophosphate (PRPP) synthase (which catalyzes the synthesis of the common precursor for biosynthesis of histidine and purine and pyrimidine nucleotides), purF (SACE_7125) and purH (SACE_6664) whose products code for glutamine PRPP amidotransferase and bifunctional phosphoribosylaminoimidazolecarboxamide formyltransferase/IMP cylohydrolase (which catalyzes, respectively, the first and the second steps in the de novo biosynthesis of thiamine and purine nucleotides), thiO (SACE_0506) and thiC (SACE_0511) specifically involved in thiamine biosynthesis, and pyrC (SACE_2080) encoding dihydroorotase, a key enzyme in pyrimidine nucleotide biosynthesis (Table 1 and Figure 6 ). Mutations in the above-mentioned genes are expected to reduce the carbon flux toward these biosynthetic pathways (purine/thiamine, pyrimidine), and increase the flux toward the pentose phosphate (prsA mutation) and glycine, serine and threonine metabolic pathway (purF, purH, thiO, thiC mutations). The last pathway is a source of precursors for 6DEB biosynthesis.
The above-mentioned genetic defects in metabolic genes are well correlated with the slow-growth phenotype of the Px strain in mineral medium MM-101, caused by nutritional requirements which are indicative of TCA cycle precursors and PRPP limitations (Additional file 6). At the same time, our results emphasize the balance that must be reached between pathways competing for the same substrate to maintain robustness of the metabolic network.
Secondary metabolism in S. Erythraea px
In addition to the gene clusters for erythromycin (ery), for a second modular polyketide synthase (PKS) of unknown function (pke) and for a type III PKS (rppA), which generates a reddish pigment, the genome sequencing of S. erythraea NRRL 2338 has revealed additional 22 clusters for the biosynthesis of polyketides, terpenes and non-ribosomally synthesized peptides. In Px strain a total of 19 missense/nonsense/frameshift mutations affected genes related to biosynthesis of secondary metabolites ( Table 3 ).
Twelve of them affected genes coding for PKS or related biosynthetic proteins. In particular, a nonsense mutation in SACE_0019 (coding for an ACP), a frameshift mutation in SACE_0022 (pfaB) (coding for a modular PKS) and two non-conservative missense mutations in SACE_0023 (pfaC) (coding for a modular PKS) inactivated the pfa cluster, which appears to govern the biosynthesis of a polyunsaturated fatty acid such as eicosapentaenoic acid. The pks3 cluster was inactivated by a frameshift mutation in SACE_2875 (coding for a modular PKS) and a non-conservative missense mutations in SACE_2876 (gdmF) (coding for 3-amino-5hydroxybenzoic acid synthase). Missense mutations affected the pks3-associated SACE_2888 (coding for an aromatic-L-amino acid decarboxylase). Non-conservative missense mutations were mapped in SACE_2630 (pks2-1) (coding for a modular PKS) of the biosynthetic cluster pks2, SACE_4140 (pkeA2) (coding for a modular PKS) in the pke cluster, and SACE_5308 coding for a multifunctional single-module PKS enzymes apparently related to the iterative PKSs involved in enediyne or methylsalicylic acid synthesis. It is conceivable that some of these pathways may compete with that of erythromycin for the same substrates and that their inactivation/down-modulation may be beneficial to 6DEB biosynthesis.
While it is difficult to predict the effects of the missense mutations affecting eryCVI and eryBVI (Table 3) coding for the enzymes catalyzing the last steps of the biosynthesis of dTDP-D-desosamine and dTDP-Lmycarose biosynthesis, the activated sugars that decorate the erythronolide B, the missense mutation affecting SACE_6416 (rmlC) coding for dTDP-4-dehydrorhamnose 3,5-epimerase (Table 1 and Figure 6 ) may cause an increase in production of both dTDP-D-desosamine and dTDP-L-mycarose precursors. In fact, the rmlC, eryCIV and eryBVI gene products compete for the same substrate (dTDP-4-oxo-6-deoxy-D-glucose). Additional work is required to clarify these aspects, as well as the possible effects of the inactivation/down-modulation of nrps4 and nrps7 biosynthetic clusters, coding for unknown non-ribosomally synthesized peptides, and of tpc1/geo1 and tpc3/geo2 showing substantial similarity to terpene cyclase-encoding clusters, which in other microorganisms are known to produce geosmin, the sesquiterpene that provide the soil with its characteristic smell.
Global and pathway-specific control of gene expression, and DNA repair mechanisms in S. Erythraea px Antibiotic production is under global and local pathwayspecific control. At the same time, there is evidence that genetic manipulation of RNA polymerase and/or ribosome may influence the control of secondary metabolism [31, 32] . Mutations affecting the basic transcription and translation machineries were thus expected in the erythromycin-overproducing strain (Table 4 ). However, unexpectedly, several inactivating mutations mapped in a number of genes, whose products were thought to play fundamental roles in these processes including nusB (SACE_2076) coding for NusB antiterminator factor and efp (SACE_2075) encoding the elongation factor P (EF-P). Both these genes, which are organized in a putative conserved operon also including pepQ gene coding for Xaa-Pro dipeptidase, were inactivated by frameshift mutations ( Figure 8A) .
NusB participates together with NusE/S10 protein in processive transcription antitermination. NusB and NusE, bind to form a heterodimer, which interacts with a specific boxA site on the RNA. The NusB/NusE/boxA RNA ternary complex interacts with the RNA polymerase transcription complex, stabilizing it and allowing transcription past premature termination points [37] [38] [39] [40] . NusB is essential to suppress transcription termination in the ribosomal RNA (rrn) operons. Compared to wild type Escherichia coli, about two-fold decreased RNA polymerase density was observed by electron microscopy over 23S genes in a nusB mutant [41] . As a consequence, the fraction of total RNA polymerase engaged in transcribing the rrn operons is significantly reduced in a nusB mutant. Similar reduction is observed during the stringent response, when (p)ppGpp binds RNA polymerase and changes the global transcriptional profile, decreasing the synthesis of translational machinery and increasing the transcription of biosynthetic genes including those coding for antibiotics in actinomycetes [32, [42] [43] [44] [45] [46] [47] [48] .
EF-P is a highly conserved protein that is essential for protein synthesis in several bacteria including E. coli [49] . It has been suggested that EF-P plays a role in translational fidelity, prevents entry of fMet-tRNA into the A-site enabling it to bind to the 50S P-site, and promotes a ribosome-dependent accommodation of fMet-tRNA into the 70S P-site [50, 51] . In Bacillus subtilis genetic inactivation of EF-P abolished spore formation without affecting growth [52] . Although it is difficult to predict the effects of EF-P inactivation on erythromycin production, it is relevant to note that erythromycin production in S. erythraea is stimulated by streptomycinresistance mutations [31] and that EF-P was shown to protect 16S rRNA near the G526 streptomycin and the S12 and mRNA binding sites (30S T-site) [50] .
In addition to EF-P, other genetic changes occurs in the Px strains affecting the translational machinery, including missense mutations affecting SACE_5926 (infB) coding for the translation initiation factor 2, (SACE_0799) (metS) coding form methionyl-tRNA synthetase, SACE_0443 (cysS paralog) encoding a cysteinyl-tRNA synthatase, SACE_3403 (gatA) coding for A subunit of Asp-tRNA Asn/Glu-tRNA Gln amidotransferase, and a frameshift mutation inactivating a paralogous gene (SACE_5919) coding for pseudouridine synthase. These findings emphasize the importance of the translational machinery as a potential target for improvement of antibiotic-producing strains.
The mutations affecting the basic transcription and translation machineries may in turn affect pathway-specific control accounting for the global changes in transcriptional profile, which was observed in Px strain with respect to NRRL 2338 (Figures 4 and 5 ). As previously mentioned, a total of 459 and 220 genes were up-regulated during growth phase a in Px and in NRRL 2338 respectively. Among these DEGs, 138 were up-regulated in both strains, while 335 and 114 were specific for Px Figure 8 Expression of bldD during growth of S. erythraea NRRL 2338 and S. erythraea Px. A) Genetic map of the chromosomal region spanning the pepQ-efp-nusB and bldD genes. B) bldD mRNA levels are expressed as average of log ratio normalized microarray duplicate data (RMA). bldD expression values from S. erythraea NRRL 2338 and S. erythraea Px do not vary more than 1.58% and 2.61%, respectively, on the average. and NRRL 2338, respectively (Additional file 3, 4, 5). Within the list of genes specifically up-regulated in the Px strain, we found most of the genes belonging to the ery biosynthetic gene cluster. Regulation of the ery cluster was found to be altered also in another classically improved S. erythraea strain, which exhibited prolonged expression of antibiotic biosynthetic genes compared to the wild type during fermentation [34] .
In addition to the ery cluster, SACE_1456 (mmsA2) coding for methylmalonate semialdehyde dehydrogenase was also found to be up-regulated in Px. This enzyme provides 6DEB biosynthesis with propionyl-CoA and (2S)-methylmalonyl-CoA precursors ( Figure 6) and was found to be up-regulated in a rifampicin-resistant erythromycin-overproducing mutant of S. erythraea [32] . Moreover, the expression of bldD (SACE_2077), coding for a key developmental regulator that seems to regulate the ery cluster positively, was also up-regulated during phase a in the Px strain ( Figure 8B ). Intriguingly, this gene maps immediately downstream of the pepQ-efp-nusB locus in the genome of S. erythraea ( Figure 8A ). In addition to the ery cluster and associated CDSs, the genes belonging to the pks6 and tpc5 (geo3) biosynthetic clusters were also found to be up-regulated in this strain along with nusA (SACE_5927 coding for transcriptional termination/antitermination factor NusA), ribosomal protein operons with the associated genes infA (SACE_6808 coding for translation initiation factor IF1), tufA (SACE_6838 coding for elongation factor EF1A), fusA (SACE_6839 coding for translation elongation factor G), and F0F1 ATPase. In contrast, in the list of genes specifically up-regulated in the NRRL 2338, we found many genes related to the TCA cycle including fumB (SACE_1784 coding for class I fumarate hydratase), fumC (SACE_0930 coding for class I fumarate hydratase), korA (SACE_3927 coding for 2-oxaloglutarate ferredoxin oxidoreductase alpha subunit), the urea cycle (ureA) (SACE_0634 coding for urease gamma subunit) or the PRPP biosynthesis (prsA) (SACE_0816).
In addition to changes in basic transcription and translation machineries, mutations in genes coding for transcriptional factors and signal transduction proteins may contribute to alter pathway-specific control. In particular, 13 genes coding for transcriptional factors and 5 genes encoding two-component system proteins were affected by missense or frameshift mutations in Px (Table 4 ). However, in the absence of functional data, the effects of such mutations on secondary metabolism may be only hypothesized on the basis of proximity of the mutated regulatory genes to the biosynthetic cluster for secondary metabolites. For instance, SACE_3079, coding for a LysR family transcriptional regulator and affected by a frame shift mutation in the same strain, is genetically linked to a hydrogenase operon (also containing gmhA genes, which were shown to be inactivated by frameshift mutations in Px) and may be involved in its regulation. Similarly, SACE_4500, encoding a GntR family transcriptional regulator that is inactivated by a frameshift mutation in Px, maps close to sarcosine oxidase operon. Sarcosine oxidase links glycerophospholipid metabolism to erythromycin biosynthesis catalyzing the oxidative demethylation of sarcosine to glycine, whose metabolism provides the biosynthesis of 6DEB with precursors ( Figure 6 ).
Px strain was obtained by multiple cycle of mutagenesis by chemical (N-methyl-N-nitro-N-nitrosoguanidine) or radiation (X-ray and UV) agents. The sequence data suggests that the mutagenesis/selection process to erythromycin-overproduction phenotype might have been accelerated by selection of mutator phenotype. This hypothesis is supported by missense and frameshift mutations affecting genes involved in DNA replication and repair. In particular, SACE_0826 (mfd) coding for transcription/repair coupling factor, SACE_4427 (mug) coding for G/U mismatch-specific DNA glycosidase and SACE_5437 (polA) were inactivated by frameshift mutations, while missense mutations affected other genes involved in these processes ( Table 5 ).
Conclusions
Overall our findings demonstrate that the phenotypes of the erythromycin-overproducing strain S. erythraea Px are associated with a large number of genetic changes with respect to the reference strain NRRL 2338. Mutations affect 227 CDSs, corresponding to about 3% of CDSs of S. erythraea genome. Although certain mutations may be neutral in term of improved antibiotic production, and may have been favored by the mutator background of Px, a considerable number of them map within genes coding for key enzymes involved in central carbon and nitrogen metabolism, and biosynthesis of secondary metabolites, redirecting common precursors toward erythromycin biosynthesis. Several mutations inactivate genes coding for proteins that play fundamental roles in basic transcription and translation machineries including the transcription anti-termination factor NusB and the transcription elongation factor Efp, and genes coding for pleiotropic or pathway-specific regulators, with dramatic effects on global expression profile. The comparison of Px and NRRL 2338 at both genomic and transcriptomic levels not only contributed to elucidate the molecular mechanism underlying the overproduction of erythromycin, but also revealed new possible targets suitable for rationale improvement of industrial antibiotic-producing strains. However, as most of mutated genes are not directly related to the erythomycin over-production, next effort will be to test the genome-assisted predictions by experimental verification.
Methods
Bacterial strains and media S. erythraea wild type strain NRRL2338 was a gift of S. Donadio (KtedoGen, Milan, Italy) . This strain has been deposited at the American Type Culture Collection. S. erythraea Px is an erythromycin-overproducing strain that was obtained by the traditional mutate-and-screen method over a period of about 10 years. The strains were stored in 1-ml cryotubes at -80°C as frozen mycelium in YS medium containing 15% glycerol at a biomass concentration of approximately 0.25 g dry cell weight (DCW) ml -1 , or at -20°C as spores in 20% glycerol (in distilled water) at a title of approximately 5 × 10 8 ml -1 . The composition (per liter) of the complete media used in this study is reported in Table 8 . When requested all media were agarized at a concentration of 1.8%. The composition (per liter) of the nutrient broth agar in the microbiological assays with Micrococcus luteus tester strain was: 3 g beef extract, 5 g tryptone, 15 g NaCl, 15 g agar.
Preparation of spores
Concentrated spore suspensions (5 × 10 8 ml -1 ) are crucial for purposes like starting reproducible cultures for physiological or fermentation studies. To prepare spores adapted to the conditions of liquid medium, spores were spread on the same medium with agar. Mycelium with spores was strongly attached to the surface agar, thus making impossible to collect spores without agar traces. Therefore, strains have been grown on cellophane discs, as described in [53] . The cellophane discs were sterilized in distilled water and then placed on agar, and the inoculum was spread on cellophane using a glass stick. After two weeks, spores (control in microscope) were easily scraped from cellophane and stored in 20% glycerol at -20°C.
Growth conditions
For shake-flask experiments, spores in frozen aliquots were collected by centrifugation, re-suspended in medium 707 (for rehydration), and readily separated by vortexing. Individual aliquots (about 5 × 10 8 spores) were used to inoculate each 500 ml baffled Erlenmeyer flask containing 50 ml of the liquid media described above. Cultures were incubated at 30°C with shaking at 250 rpm. Bioreactor cultures were carried out on Minifors mini-fermenters (Infors AG, Bottmingen, CH) that operated with a working volume of 1.5 l. Stirring was provided by Rushton-type impellors rotating at 250 rpm. Sterile air was supplied through a sparger. The bioreactors were equipped with pH electrode, pO2 electrode (polarographic), antifoam probe and Pt-100.
Erythromycin assays
Erythromycin production in solid media was assayed by bioassay. To this purpose, S. erythraea strains were grown in solid media (30 ml) in Petri dishes (8.5 cm). After desired time of cultivation, agar discs of 1.6 cm in diameter (with mycelium on the surface) were removed and placed into empty Petri dishes (diameter 8.5 cm). Petri dishes were then filled with soft nutrient agar seeded with Micrococcus luteus. Diameters of the zone of inhibition were measured after 2 days of incubation at 37°C. Agar discs containing defined amounts of > 95% pure erythromycin A (Sigma) were used as a reference. In liquid media, erythromycin was extracted as described [54] . Five hundred μL of n-butylacetate were added to 500 μL of broth fermentation, samples were vortexed for 5 min and centrifuged at 9500 g for 15 min. Then the organic phase was mixed with 500 μL buffer 25 mM K 2 PO 4 pH 5 and centrifuged at 800 g for 5 min. Ten μL of the aqueous phase was injected into HPLC.
HPLC analyses were carried out using an Agilent 1100 Series HPLC system equipped with security guard Cartridges (C18 ODS 4×3 mm) and a Phenomenex-luna 5 μC18 (2) 100 Å column (250×4.6 mm). An isocratic elution mode was used according to [55] Tsuji and Goetz [56, 57] .
Sequencing and assembly of the S. Erythraea px genome
Whole-genome shotgun DNA sequencing of S. erythraea Px genome was performed by MWG Biotech (Eurofins MWG Operon, Ebersberg, Germany) using frequently cutting restriction enzymes and 2-to 10-kbp fragments cloned into plasmid vectors. Cosmids (32-46 kbp inserts) were also generated from genomic DNA and end-sequenced to provide additional read-pair information, increase coverage of selected regions, and fill the gaps. Remaining gaps and ambiguities were closed using PCR products from specifically designed oligonucleotide primers. Sequence assembly was done using the Phrap assembler43 and editing was done using consed version 14. Repeats were resolved by doing a miniassembly for the individual sections of the genome and the resulting consensus was integrated into the main genome assembly.
RNA extraction and RNA microarray experiments
The S. erythraea Custom GeneChip used for the NRRL2338 strain gene expression profiling by Peano et al. [24] was used here to analyze the time course gene expression profiling of the Px strain. The sequences of all probes present on the GeneChip were compared with the genomic sequence of the Px strain using BLASTN [58] , finding a perfect match for all of them, both for similarity (100%) and length (25 bp). For each time point, RNA was extracted from mycelium pellets deriving from 1-ml culture samples using the GeneElute™ total RNA Purification Kit (SIGMA), recovering it in 50 μl of Elution Solution. After extraction RNAs were quantified with a NanoDrop spectrophotometer (NanoDrop Technologies) and analyzed by capillary electrophoresis on a Agilent Bioanalyzer (Agilent). The RNA samples showing an RIN (RNA Integrity Number, a quality parameter calculated by the instrument software) value higher than 7 were processed for microarray hybridization, following the instructions for "Prokaryotic Target Preparation" (Affymetrix GeneChip ® Expression Analysis Technical Manual). The protocol consists in cDNA synthesis by reverse transcription (starting with 10 μg RNA), followed by cDNA fragmentation with DNase I and labeling with Terminal Deoxynucleotidyl Transferase. The labeled cDNAs were then hybridized for 16 h at 50°C on individual GeneChips. After hybridization, GeneChips were washed and stained with streptavidin-conjugated phycoerythrin by using the Fluidic Station FS450 (Affymetrix) following the FS450_0005 Protocol. Fluorescent images of the microarrays were acquired using a GeneChip Scanner 3000 (Affymetrix). All raw data files are available in Gene Expression Omnibus under accession number GSE30600.
Genomic comparison and variation detection
The software Nucmer from the MUMmer package [59] (http://mummer.sourceforge.net) was used to investigate the presence of possibly large genomic rearrangement. All other comparative analyses have been carried out using the BLAST suite from NCBI (http://www.ncbi. nlm.nih.gov/BLAST,ftp://ftp.ncbi.nih.gov/blast), in particular the BLASTx and BLASTn programs, whose results were then parsed using home-made scripts. The circular plots were generated by an home-made Python script. The sequences of the 227 genes (SACX_) affected by mutations in the Px strain as compared to corresponding genes (SACE_) in the parental NRRL2338 strain have been submitted to GeneBank (accession numbers: from JN392509 to JN392716 in Additional file 7).
Microarray data analysis
The quality of the raw data obtained from microarray hybridization was assessed considering the MAS5.0 (Microarray Suite/Software, Affymetrix) control parameters after a global scaling at a target intensity of 100. Quality and control parameters as well as box plots of raw intensities highlighted the overall high quality of the data set and the absence of any outlying sample. Probe level data was converted to expression values using both the Robust Multi-array Average (RMA) procedure [60] and the MAS5.0 algorithms. In the former case, PM values (Perfect Match) were background-adjusted, normalized using invariant set normalization, and log transformed. In the latter case, intensity levels were normalized using the Global Scaling option to target value (i.e. TGT = 100).
Genes characterized by a statistically significant modulation of the expression level during the growth time course (within-class temporal differential expression) were identified using the EDGE software package, which is based on the Optimal Discovery Procedure [61] and allows identifying genes that are differentially expressed between two or more different biological conditions or to perform significance analysis on time course experiments [62] . Whereas other methods employ statistics essentially designed for testing one gene at a time (e.g. t-statistics and F-statistics), the ODP uses all relevant information from all genes to test each gene for differential expression, thus improving the power of the test. In the particular case of a time course, ODP takes into account the ordering and spacing information provided by the time points.
Briefly, we have tested each gene by first fitting a model (e.g. natural cubic sp-lines) under the null hypothesis that there is no differential expression, and then under the alternative hypothesis that there is differential expression. A statistic is calculated to compare the goodness of fit of the two models under the two different hypotheses. The statistic is a quantification of evidence for transcriptional modulation, and the larger it is the more differentially expressed the gene appears to be. Once the statistic is calculated for each gene, a significance cut-off is applied using a false discovery rate criterion. This process, based on the calculation of the null distribution of the statistics when there is no differential expression, is accomplished through a data re-sampling technique and results in the q-value. Modulated genes are finally selected based on the q-value threshold and, eventually on a fold change limit. Differentially expressed genes were selected considering each time point replicate as an independent entry and setting the confidence threshold at q-value ≤ 0.001. Hierarchical clustering and Eisen's maps were used to group modulated genes and samples in the software package dChip. Before clustering, the expression values for a gene across all samples were standardized (linearly scaled) to have mean 0 and standard deviation 1, and these standardized values were used to calculated correlations between genes and samples and served as the basis for merging nodes. Hierarchical agglomerative clustering was carried out using Pearson correlation coefficient as distance metric and centroid as linkage method.
Chromosomal regions presenting a between-class temporal differential expression were identified using PREDA [35, 63, 64] . PREDA is a bioinformatic tool developed under R statistical environment for the identification of differentially expressed chromosomal regions, which accounts for variations in gene distance and density. PREDA consists of three main steps: i) computation of a statistic for ranking probes in order of strength of evidence for an expression feature; ii) adaptive bandwidth smoothing of the statistic after sorting the statistical scores according to the chromosomal position of the corresponding genes; and iii) application of a permutation test to identify differentially expressed chromosomal regions with a q-value correction for multiple tests. Transcriptional and structural information are locally integrated smoothing, along the chromosomal coordinate, an expression statistic. The smoothing procedure is approached as a non-parametric regression problem using a local variable bandwidth kernel estimator. A permutation scheme is used to identify differentially expressed regions under the assumption that each gene has a unique neighborhood and that the corresponding smoothed statistic is not comparable with any statistic smoothed in other regions of the genome. The permutation process over B random assignments allows defining a null smoothed statistic for any chromosomal position. The significance of the differentially expressed regions (i.e. the p-value) is computed as the probability that the random null statistic exceeds the observed statistic over B permutations. Once the distribution of empirical pvalues has been generated, the q-value is used to identify differentially expressed chromosomal regions according to Storey and Tibshirani [65] .
